During metazoan development, a series of asymmetric cell divisions results in cells with a vast number of distinct phenotypes that are maintained throughout life. With rare exceptions, such as rearrangements of gene segments encoding receptors in B cells and T cells, the genome sequence remains unchanged as cells adopt new identities. Stable commitment to a lineage requires the establishment of heritable patterns of gene expression or repression without alteration of DNA sequences, via epigenetic modifications. Despite a rapidly growing body of work describing putative epigenetic regulation, physiological models in which epigenetic modulation can be functionally delineated and tested in fully differentiated cells are rare.
A r t i c l e s
During metazoan development, a series of asymmetric cell divisions results in cells with a vast number of distinct phenotypes that are maintained throughout life. With rare exceptions, such as rearrangements of gene segments encoding receptors in B cells and T cells, the genome sequence remains unchanged as cells adopt new identities. Stable commitment to a lineage requires the establishment of heritable patterns of gene expression or repression without alteration of DNA sequences, via epigenetic modifications. Despite a rapidly growing body of work describing putative epigenetic regulation, physiological models in which epigenetic modulation can be functionally delineated and tested in fully differentiated cells are rare.
One of the rare examples in which heritable gene expression has been studied in depth is T cell lineage 'choice' 1 . CD4 + helper T cells and CD8 + cytotoxic T cells develop from common progenitor cells on the basis of the specificity of their T cell antigen receptors (TCRs) for complexes of peptide and major histocompatibility complex (MHC) class II molecules and MHC class I molecules, respectively. The co-receptors CD4 and CD8 are critical for the development and function of these lineages, as they facilitate binding of the TCR to MHC class II (CD4) or MHC class I (CD8). The expression of CD4 and CD8 defines distinct stages of thymocyte development, during which ordered rearrangements in the loci encoding the TCR occur and serve as developmental checkpoints. Early CD4 − CD8 − doublenegative (DN) progenitor cells transition through four distinct stages before upregulating their expression of CD4 and CD8 to enter the CD4 + CD8 + double-positive (DP) stage of development. DP cells then test their randomly rearranged TCRs for specificity for MHC class I and MHC class II. MHC class I-specific cells stably downregulate their CD4 expression to enter into the cytotoxic lineage, while MHC class II-specific cells lose CD8 expression and maintain CD4 expression during differentiation into the helper lineage.
The regulation of Cd4 expression during T cell development is an ideal setting for studying epigenetic regulation, as Cd4 exhibits heritable active and silenced states that can be maintained independently of the initiating genomic elements 1 . Elements required for this regulation have been identified in a series of in vivo genetic studies and in vitro T cell culture assays [2] [3] [4] [5] [6] . These include a 434-base pair (bp) cis-acting silencer (S4), located in the first intron of the Cd4 locus, and a 430-bp cis-acting proximal enhancer (E4 P ), located 13 kilobases (kb) upstream of the transcriptional start site (TSS). S4 is essential for the repression of Cd4 at two different stages of T cell development. First, germline deletion of S4 leads to ectopic CD4 expression in DN cells, which indicates that it is required for reversible silencing before the DP stage of development. Second, S4 is required for silencing of Cd4 in mature CD8 + cytotoxic cells, since germline deletion of S4 results in ectopic CD4 expression in cells of the cytotoxic lineage. However, conditional deletion of S4 mediated by Cre recombinase in mature cells of the CD8 + lineage following their egress from A r t i c l e s the thymus does not affect CD4 expression even after multiple cell divisions 5 . Similarly, in mature cytotoxic cells, Cre-mediated deletion of genes encoding members of the RUNX protein complex that binds S4 to initiate Cd4 silencing 3 fails to activate Cd4 expression (T. Egawa and D.R.L., unpublished data). This failure to activate Cd4 expression in cytotoxic cells is not due to the loss of Cd4 expression potential, because germline deletion of S4 results in robust CD4 expression in CD8 + cells, and E4 P -Cd4 promoter reporter constructs exhibit strong transcriptional activity upon delivery into mature CD8 + cells (J.R.H. and D.R.L, unpublished data). Thus, S4 initiates silencing of Cd4 in developing cytotoxic cells but is completely dispensable for the maintenance of that silenced state.
The proximal enhancer initiates an analogous epigenetically active Cd4 expression state in CD4 + helper cells 7 . Germline deletion of E4 P abrogates the upregulation of CD4 expression at the DN4-to-DP transition during T cell development. MHC class II-specific thymocytes are positively selected in mice homozygous for deletion of E4 P (Cd4 E4P∆/E4P∆ ), but these thymocytes are fewer in number in Cd4 E4P∆/E4P∆ mice than in wild-type mice, and they display only moderate and unstable CD4 expression. Indeed, in vitro or in vivo proliferation of Cd4 E4P∆/E4P∆ helper cells results in the gradual loss of CD4 expression. In contrast, Cre-mediated deletion of loxP-flanked E4 P in mature helper cells does not affect CD4 expression, even after multiple cell divisions in vitro and in vivo. Thus, E4 P is required for the initiation of stable high expression of CD4 but is also dispensable for its maintenance.
The finding that established silencing of Cd4 can be disassociated from the presence of S4 suggests the existence of a set of genes that epigenetically maintain such silencing independently of S4. As T cells undergo multiple rounds of cell division after activation, these genes would need to both suppress Cd4 re-expression (since CD8 + cells are able to express Cd4) and actively pass the silenced state from parental cells to daughter cells independently of S4. To identify such putative trans-acting factors, we performed genetic screens with pooled retroviral short hairpin RNA (shRNA) libraries targeting the entire mouse genome. From these screens, we identified DNA methyltransferase I (encoded by Dnmt1) as a key factor in Cd4 silencing. Subsequent locus-wide methylation analyses revealed greater methylation of Cd4 in DN, DP and CD8 + cells than in CD4 + cells. We further found that the DNA-methylation patterns of Cd4 in CD4 + T cells and CD8 + T cells were dependent on E4 P and S4, respectively. E4 P -dependent demethylation of the Cd4 locus during the transition from DP thymocyte to CD4 + CD8 − thymocyte was achieved in the absence of cell division, consistent with the engagement of an active enzymatic process rather than passive demethylation. Our results provide a description of the epigenetic molecular machinery essential for the heritable regulation of Cd4 expression. Furthermore, they indicate that regulation of Cd4 in mature T lymphocytes provides a unique opportunity with which to delineate the epigenetic mechanisms involved in establishing and maintaining gene expression or heritable silencing.
RESULTS

Unbiased screen for regulators of heritable silencing of Cd4
The factors that mediate true epigenetic silencing of gene expression during T cell development remain poorly characterized. To identify trans-acting factors critical for maintaining silencing of Cd4 in cytotoxic (CD4 − CD8 + ) T cells, we performed an unbiased, genome-wide retroviral shRNA screen (Supplementary Fig. 1a) . First, we obtained CD8 + cells from the spleen and lymph nodes of mice hemizygous for Cd4 with loxP-flanked S4 and with a tamoxifen-inducible gene encoding Cre knocked into the ubiquitously expressed Ubc locus (Cd4 S4-L2/+ Ubc-Cre-ER mice), then activated the cells with antibody to the invariant signaling protein CD3 (anti-CD3) and antibody to the costimulatory molecule CD28 (anti-CD28), in the presence of OH-tamoxifen to achieve deletion of S4. We hypothesized that deletion of S4 would allow maximal sensitivity and ensure the identification of only true epigenetic modifiers by eliminating the possibility of S4 activity in mature CD8 + cells. After 18 h of activation, we transduced cells with pools of a retroviral shRNA library ('shRNA virus') and expanded cell populations for 9 d with interleukin 2 (IL-2). On day 5, we enriched the populations for CD4 + cytotoxic cells through the use of anti-CD4 magnetic beads. On day 10, a small percentage (~0.5%) of pooled shRNA virus-infected cells expressed CD4 in addition to CD8, but there was no expression of CD4 in mockinfected cells (Fig. 1a) . We sorted these CD4 + CD8 + cells on the basis of cell-surface-marker expression, amplified the shRNAs integrated into their genome by PCR, then cloned and sequenced the shRNAs. Notably, 83% of the shRNAs isolated from infected CD4 + CD8 + cells were specific for Dnmt1 (we independently identified two different shRNA clones targeting Dnmt1) (data not shown), which indicated that DNA methylation might be important for maintaining the silencing of Cd4 in fully differentiated cytotoxic T cells.
DNA-methylation machinery maintains Cd4 silencing
To confirm the results of our screen and to determine if DNAmethylation enzymes are important for silencing Cd4, we interfered with DNA-methyltransferase activity by using shRNA-mediated knockdown of Dnmt1 and mice with targeted mutations in genes encoding DNA methyltransferases. Cytotoxic T cells activated by crosslinking of CD3 and CD28 and transduced with the Dnmt1-specific shRNAs identified in the screen exhibited higher surface expression of CD4 than that of cells transduced with control (nontargeting) shRNA ( Supplementary Fig. 1b and data not shown). To rule out the possibility of off-target shRNA effects, we also assessed CD4 expression after genetic manipulation of DNA-methyltransferase activity. Since deletion of Dnmt1 leads to lymphocyte death after a limited number of cell divisions 8 , we analyzed the maintenance of Cd4 silencing through the use of a hypomorphic mutation in the Dnmt1 locus 9 , Dnmt1 chip , in which Dnmt1 expression is reduced to ~10% that of the wild-type locus. In mice with T cells homozygous for the hypomorphic mutation (Dnmt1 chip/chip ) or hemizygous for the mutation due to deletion of a loxP-flanked Dnmt1 allele by Cre expressed from the Cd4 promoter (Dnmt1 L2/chip Cd4-Cre+), 1-2% of cytotoxic T cells upregulated CD4 expression following in vitro activation and proliferation (Fig. 1b and data not shown) . Further reduction of Dnmt1 expression in these cells through the use of Dnmt1-specific shRNA led to CD4 expression on ~10% of the cytotoxic cells (Fig. 1b) . If this result reflected a requirement for DNMT1-directed maintenance of methylation in the silencing of Cd4, then CD4 expression would be expected to increase progressively with successive cell divisions due to passive DNA demethylation. To investigate this, we transduced CD8 + T cells with control or Dnmt1-specific shRNA, then labeled the cells with the fluorescent dye e670 and quantified CD4 expression through multiple rounds of cell division, as assessed by dye dilution. Like the division-tracking dye CFSE, e670 binds covalently to cellular proteins during staining and is distributed evenly in daughter cells upon cell division. Consistent with the proposal of a role for DNMT1-mediated maintenance methylation in the silencing of Cd4, we found increased CD4 expression with increased numbers of cell divisions (Supplementary Fig. 1c) .
To better assess the role of the machinery that maintains DNA methylation in the silencing of Cd4, we monitored CD4 expression npg A r t i c l e s in long-term in vivo cell-proliferation assays. First, we adoptively transferred 1 × 10 6 to 1.5 × 10 6 Dnmt1-hypomorphic (Dnmt1 chip/chip ) cytotoxic T cells into lymphopenic hosts deficient in recombinationactivating gene 2 (and thus deficient in T cells). After 2-3 weeks, 10-20% of transferred cells expressed CD4 in addition to CD8 (data not shown). Since DNMT1 deficiency can compromise proliferation, we attempted to diminish the methylation content further in Dnmt1-hypomorphic mice by eliminating the alternative methylation machinery of DNMT3a and DNMT3b. The methyltransferases DNMT3a and DNMT3b, called 'de novo methyltransferases' for their ability to methylate completely unmethylated CpG dinucleotides, have also been linked to the maintenance of DNA methylation 10, 11 , and their deletion did not substantially affect T cell proliferation (data not shown). On a Dnmt1-hypomorphic background, deletion of Dnmt3b had weaker effect on CD4 expression in cytotoxic T cells than did deletion of Dnmt3a (data not shown). Notably, deleting Dnmt3a in Dnmt1-hypomorphic and Dnmt3b-heterozygous mice resulted in robust CD4 expression (>75% CD4 + ) after in vivo population expansion (Fig. 1c) . These data demonstrated that the DNA-methylation machinery was critical for ensuring stable silencing of Cd4 in cytotoxic T cells.
S4-dependent hypermethylation of DNA in the cytotoxic lineage
The requirement for DNA methyltransferases in the silencing of Cd4 indicated that there would be differences between helper T cells and cytotoxic T cells in the 5′-methyl-cytosine (5mC) modifications of CpG dinucleotides within the Cd4 locus and that the differences could be dependent on S4. To test this hypothesis, we isolated genomic DNA from peripheral wild-type CD4 + helper T cells and CD8 + cytotoxic T cells, as well as CD4 + CD8 + cytotoxic T cells homozygous for deletion of S4 in Cd4 (Cd4 S4∆/S4∆ ), then enriched the DNA for sequences ~75 kb upstream to ~75 kb downstream of Cd4 by bisulfite CATCHSeq ('clone-adapted template-capture-hybridization sequencing'); this method uses bacterial artificial chromosome (BAC) clone templates to generate probes for target-capture hybridization-based enrichment of a locus, followed by bisulfite sequencing 12 . CATCH-Seq resulted in >30× sequencing coverage for 97.6% of target CpG motifs per sample, on average, and was highly reproducible for biological replicates (Supplementary Fig. 2) . By comparing the variance in methylation levels at each CpG dinucleotide in wild-type CD4 + and CD8 + cells and Cd4 S4∆/S4∆ CD4 + CD8 + cells, we identified a strongly 'differentially methylated region' (DMR) from ~+3.2 kb to -0.7 kb relative to the Cd4 TSS (called the 'TSS-proximal DMR' here) (Fig. 2a) ; this region included eight of the ten CpG dinucleotides exhibiting the most variance in methylation across the samples and was within a region of ~7 kb ( Fig. 2b ) that included 26 of the 30 most variably methylated CpG dinucleotides. This DMR was hypermethylated in CD8 + cells relative to its methylation in CD4 + cells (22 of 55 CpG motifs in this region exhibited >40% methylation in CD8 + cells, and more than twice as much methylation in CD8 + cells as that in CD4 + cells; Fig. 2b and Supplementary Fig. 3 ). Notably, this TSSproximal DMR straddled S4 and overlapped the Cd4 promoter as well as a 'maturation' enhancer (adjacent to S4) needed to initiate stable CD4 expression in mature cells of the helper lineage 13 (P.D.I. and D.R.L., unpublished results), which indicated that the DMR might control functional cis-acting elements. We confirmed the existence of the DMR at a subset of CpG motifs by amplicon sequencing and digestion with methylation-sensitive restriction enzymes ( Supplementary  Fig. 4a-c) . Furthermore, the hypermethylation of the Cd4 locus in the cytotoxic lineage was silencer dependent, as methylation patterns in Cd4 S4∆/S4∆ CD4 + CD8 + peripheral T cells closely resembled those of wild-type CD4 + cells ( Fig. 2b and Supplementary Fig. 4c ).
To ascertain if the hypermethylation pattern observed in CD8 + T cells was stable, we also assessed DNA methylation after multiple cell divisions. Wild-type CD4 + and CD8 + cells and Cd4 S4∆/S4∆ CD4 + CD8 + cells that had undergone more than five divisions (as assessed by dilution of CFSE) following in vitro stimulation maintained DNA-methylation patterns similar to those of their precursors analyzed immediately ex vivo ( Fig. 2c and Supplementary  Fig. 4d ). Following injection into lymphopenic hosts, these methylation patterns were conserved after 20 d and over ten cell divisions (Supplementary Fig. 4e) . Thus, consistent with the proposal of a direct role for DNA methylation in regulating the heritable silencing of Cd4, S4 dictated hypermethylation of the Cd4 locus in cytotoxic T cells, and this hypermethylation was, in turn, stable through multiple cell divisions.
Hypermethylation of the Cd4 locus in T cell progenitors
The finding of heritable hypermethylation of Cd4 in CD8 + T cells and hypomethylation of Cd4 in CD4 + T cells suggested that the locus undergoes selective de novo methylation as DP cells differentiate toward the cytotoxic lineage. To determine if this was indeed the case, we analyzed DNA methylation by CATCH-Seq, as well as amplicon sequencing. Unexpectedly, we found that the Cd4 locus was already hypermethylated both at the DN3 stage and DP stage ( Fig. 3a and Supplementary Fig. 4f,g ). Most of the methylated CpG dinucleotides were retained in CD8 + single-positive (CD8SP; we use the 'SP' suffix throughout to denote maturing helper and cytotoxic T cells from the thymus) thymocytes, while a substantial number converted to the unmethylated state in CD4SP cells (Fig. 3a) . Germline deletion of S4 did not affect DNA methylation in DP cells ( Fig. 3b and Supplementary Fig. 4h ), which suggested that while silencermediated activity was needed to sustain DNA methylation as cells transitioned from DP precursors to the CD8 + lineage, it was not needed to maintain locus methylation in DP cells. Overall, these data indicated that the Cd4 locus was hypermethylated early in T cell development and was then selectively demethylated during specification of the CD4 + helper T cell lineage.
DMR methylation does not grossly alter chromatin structure
We next considered how hypermethylation of the Cd4 locus might affect silencing. As DNA methylation can regulate nucleosome stability and positioning in some contexts 14 (Supplementary Fig. 5 ). However, DNA-methylation content did not correlate well with differences between samples in nucleosome positioning, which indicated that this was probably not a critical function of 5mC marks in the Cd4 locus in facilitating silencing. 
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that observed in mature wild-type CD8 + cells (Fig. 4a) and correlating with unstable CD4 expression 7 . Further, when we stimulated naive Cd4 E4P∆/E4P∆ CD4 + cells to proliferate in vitro and analyzed Cd4-methylation patterns locus wide in CD4 + cells and CD4 − cells after over five cell divisions, those cells that lost CD4 expression exhibited more methylation of the TSS-proximal DMR (Fig. 4b) . Thus, in helper T cells, hypomethylation of the Cd4 locus correlated with more stable maintenance of CD4 expression (continued CD4 expression after more than five cell divisions), while hypermethylation correlated with loss of CD4 expression. In Cd4 E4P∆/E4P∆ thymic DP cells, which lack CD4 expression 7 , the Cd4-methylation pattern was most similar to that in wild-type DN3 cells, with hypermethylation ±1 kb from the location of E4 P (Supplementary Fig. 6 ). (Fig. 5a) . CD4 + Cd4 E4P∆/E4P∆ Dnmt1 L2/chip Cd4-Cre + cells exhibited a mean fluorescence intensity of CD4 ~30% higher than that of Cd4 E4P∆/E4P∆ Dnmt1 L2/L2 Cd4-Cre − cells at 72 h (Fig. 5b) , which indicated higher CD4 expression in the cells that remained CD4 + . At 96 h and 120 h, we also observed larger proportions of CD4 + cells (20-25% higher) and higher mean fluorescence intensity of CD4 (40-47% higher) in Cd4 E4P∆/E4P∆ Dnmt1 L2/chip Cd4-Cre + populations than in Dnmt1-sufficient control populations ( Supplementary  Fig. 7a,b) . Notably, these results were not due to differences in proliferative capacity, because the fraction of CD4 + cells was Fig. 2b) , assessed by CATCH-seq analysis of wild-type CD4 + cells (from Fig. 2b) 
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L2/L2 Cd4-Cre Fig. 5c and Supplementary  Fig. 7c ). Transduction of Cd4 E4P∆/E4P∆ CD4 + T cells with retrovirus encoding Dnmt1-specific shRNA led to similar results ( Supplementary  Fig. 7d,e) . These data were thus consistent with the proposal that E4 P -dependent demethylation of the Cd4 TSS-proximal DMR is critical for the establishment of heritable high CD4 expression.
Demethylation of the DMR during commitment to the helper lineage
We next sought to determine when DNA demethylation occurred in cells of the helper lineage. We examined methylation of the Cd4 TSSproximal DMR by amplicon bisulfite sequencing at various stages after positive selection and during differentiation into the helper lineage through the use of a Zbtb7b GFP reporter mouse 16 . The transcription factor ThPOK (encoded by Zbtb7b) is required for commitment to the CD4 + lineage, and green fluorescent protein (GFP) is expressed from the Zbtb7b GFP allele specifically in MHC class II-selected cells [16] [17] [18] . We sorted positively selected CD69 + HSA + CD4 + CD8 lo cells before lineage commitment (that is, GFP − cells; this included both MHC class I-specific cells and MHC class II-specific cells), early in commitment to the helper lineage (GFP mid ) and late in commitment (GFP + ), as well as mature CD4SP cells (CD4 + CD8 − TCRβ hi HSA lo CD69 lo GFP + ) (Supplementary Fig. 8a-c) . Using a representative TSS-proximal DMR amplicon (Fig. 6a) , we found almost complete methylation in DP cells (Supplementary Fig. 4g ), CD4 + CD8 lo GFP − cells and GFP mid cells (Fig. 6b) . DNA methylation began to decrease in GFP + CD4 + CD8 lo cells, late in commitment, and was nearly absent in CD4SP cells (Fig. 6b) , consistent with our results reported above (Fig. 3) . Thus, differential methylation of the Cd4 locus in cells of the helper lineage relative to that in cells of the cytotoxic lineage was initiated by the removal of DNA-methylation marks late in commitment to the helper lineage, around the time of maximal Zbtb7b induction, and was completed at the mature CD4SP stage.
ThPOK is partially dispensable for demethylation of Cd4
Our observation that DNA demethylation in the helper lineage occurred after Zbtb7b was maximally induced suggested that its product, ThPOK, might have a role in the removal of these methylation marks. To test this hypothesis, we first assessed DNA methylation by amplicon sequencing of MHC class II-selected, Zbtb7b GFP/GFP CD4 + CD8 lo and CD8SP T cell subsets. In Zbtb7b GFP/GFP mice, MHC class II-selected cells continue to express the GFP reporter but are redirected into the cytotoxic lineage due to ThPOK deficiency 16 . We found that despite the absence of ThPOK, MHC class II-selected cells began to lose methylation of Cd4 at the CD4 + CD8 lo GFP + stage (Fig. 6c) . While Zbtb7b GFP/GFP CD8SP GFP + cells exhibited greater methylation than that in Zbtb7b GFP/+ CD4SP GFP + cells, they were hypomethylated compared with the methylation of wild-type CD8SP cells (Fig. 6c,d) . Thus, ThPOK seemed to be at least partially dispensable for intronic demethylation of the DMR in MHC class II-selected cells. We confirmed that result by bisulfite CATCHSeq across the Cd4 locus in mature peripheral MHC class I-selected (GFP − ) and MHC class II-selected (GFP + ) Zbtb7b GFP/GFP CD8 + cells. Like wild-type CD4 + cells, Zbtb7b GFP/GFP CD8 + GFP + cells exhibited hypomethylation of the TSS-proximal DMR relative to its methylation in MHC class I-selected Zbtb7b GFP/GFP CD8 + GFP − cells (Fig. 6e) and wild-type CD8 + cells. Notably, when induced to proliferate in vitro, Zbtb7b GFP/GFP CD8 + GFP + cells maintained high CD8 expression but also initiated CD4 expression (Fig. 6f) . Thus, MHC class II selection induced signals for demethylating the Cd4 locus even in the absence of ThPOK, and the resulting hypomethylation correlated with a failure to silence Cd4 in redirected CD8 + cells. Moreover, ThPOK was not required for CD4 expression.
Cell division-independent demethylation of the Cd4 locus The removal of DNA-methylation marks in the Cd4 locus late in lineage commitment raised the question of whether demethylation is passive, 
npg
A r t i c l e s by way of cell division, or active, through biochemical removal of 5mC marks. Among the 22 CpG motifs of the TSS-proximal DMR that were differentially methylated in cells of the helper lineage relative to that in cells of the cytotoxic lineage, the median ratio of CpG-methylation in DP cells to that in CD4SP cells was 4.7 (mean, 26.8; maximum, 343). Thus, passive demethylation would require an average of at least two cell divisions during differentiation into the helper lineage and as many as nine divisions to explain the demethylation observed at some residues. Published reports have suggested that there is no cell division between the DP stage and CD4SP stage of development 19 , or that a minority (<20%) of CD4SP cells may divide after downregulation of heat-stable antigen and within hours of emigration from the thymus 20, 21 . Moreover, our amplicon analysis of CD4 + CD8 lo MHC class II-selected cells revealed seemingly stochastic loss of DNA methylation at only a subset of CpG dinucleotides on a given allele, consistent with biochemical removal or passive demethylation with some remethylation, rather than the mixture of all methylated alleles and all demethylated alleles that would be indicative of purely passive demethylation resulting from cell division without maintenance of methylation. To further rule out the possibility of proliferation-mediated passive demethylation, we used a CFSE-labeling and thymus-injection technique to determine if cells divide during differentiation into the helper lineage. We sorted CD69 − DP cells from CD45.2 + B2m ∆/∆ H2-Ab1 ∆/∆ OT-II mice (which lack the genes encoding β 2 -microglobulin (B2m ∆/∆ ) and the MHC class II antigen H-2A b (H2-Ab1 ∆/∆ ) and have transgenic expression of an MHC class II-restricted (ovalbumin-specific) TCR (OT-II)) and mixed those cells with CD45.1 + CD69 − DP cells, then stained the mixture with CFSE and injected it into the thymus of CD45.1 + mice expressing MHC class I and MHC class II.
At 4 d after injection, we isolated the thymus of each recipient mouse and assessed CFSE intensity and lineage differentiation by flow cytometry (Supplementary Fig. 8d-f) . Among both CD45.1 + and CD45.2 + injected cell populations, we were able to identify pre-selected cells (CD69 − DP), positively selected cells (CD4 + CD8 lo CD69 + TCRb med-hi ) and mature CD4SP cells (CD4 + CD8 − CD69 lo TCRb hi ). All three groups had similarly high CFSE labeling, which indicated no difference in cell division after injection. Notably, the lack of cell division was not due to loss of viability, as these cells were able to differentiate and to modulate their expression of CD69, TCRβ, CD4 and CD8. Thus, without evidence of substantial proliferation following positive selection, we concluded that methylation was removed from the Cd4 locus during commitment to the helper lineage via an active biochemical process, independently of cell division. Oxidation of 5mC to 5-hydroxymethyl-cytosine (5hmC), mediated by the TET ('ten eleven translocation') enzymes, has been shown to contribute to active DNA-demethylation pathways 22 . To determine if TET-mediated oxidation of 5mC in the Cd4 locus might contribute to locus demethylation, we assessed the amount of the 5hmC modification by T4-phage β-glucosyltransferase (T4-βGT)-mediated restriction-enzyme protection, followed by quantitative PCR. We isolated genomic DNA from DP cells, CD4 + cells and MHC class II-selected CD4 + CD8 lo cells (CD69 + HSA + CD4 + CD8 lo GFP + cells from Zbtb7b GFP/+ mice) and incubated the DNA with or without T4-βGT in the presence of UDP-glucose, before digestion of the DNA with MspI, a restriction enzyme sensitive to modified 5hmC. T4-βGT transfers UDP-glucose specifically to 5hmC residues, which blocks the digestion of CCGG motifs by MspI. In DP cells and CD4 + cells, we found very little protection (<20%) by T4-βGT of a CCGG npg motif at +190 bp relative to the Cd4 TSS, which was differentially methylated in cells of the helper lineage relative to its methylation in cells of the cytotoxic lineage (Fig. 7a) . However, we found significantly greater T4-βGT-mediated protection of the same motif in MHC class II-selected CD4 + CD8 lo cells (~40%) (Fig. 7a) , consistent with TET-dependent 5hmC-mediated demethylation in differentiating T cells of the helper lineage. Notably, this CpG lies near the middle of the TSS-proximal DMR, and its methylation status during T cell differentiation is representative of the other dynamically and differentially methylated CpG dinucleotides in the TSS-proximal DMR.
To confirm and expand on those results, we performed oxidativebisulfite amplicon sequencing of a group of three representative CpG motifs located at positions +1407 to +1487 relative to the TSS. While both 5mC and 5hmC are 'read' as cytosine residues after bisulfite treatment, 5hmC can be oxidized by KRuO4 to 5-formylcytosine, which is then 'read' as thymine after bisulfite treatment 23 . Thus, bisulfite treatment, with or without oxidation, can be used to distinguish 5mC modifications from 5hmC modifications. In DP cells, we found that all three CpG motifs were highly methylated (>90% 5mC or 5hmC; bisulfite treatment alone), with small amounts of 5hmC at two CpG motifs (<20% 5hmC at CpG 1 and CpG 2) and moderate amounts at a third CpG motif (<50% 5hmC at CpG 3) (Fig. 7b) . While the overall methylation content remained similar, we observed less 5mC and more 5hmC in post-selection CD4 + CD8 lo cells than in DP cells (Fig. 7b,c) , in keeping with our results reported above (Figs. 6b and 7a and Supplementary Fig. 4g ). We note that CD4 + CD8 lo cells are predominantly MHC class II selected (a ratio of >2:1, MHC class II selected to MHC class I selected) 16 . Together these results were consistent with our finding that demethylation of the TSS-proximal DMR after selection on MHC class II did not require cell division and suggested that it might be achieved enzymatically via a hydroxymethylated intermediate.
DISCUSSION
The molecular mechanism for heritable epigenetic silencing of Cd4 in cytotoxic T cells has remained elusive despite characterization of the key cis-and trans-acting factors required for establishment of the silenced state. We found here that DNA methyltransferases were needed to maintain silencing in cytotoxic-lineage T cells, and we linked this requirement to methylation of the Cd4 locus. Conversely, our data indicated that stable CD4 expression in helper-lineage T cells was regulated by proximal enhancer-dependent demethylation of the Cd4 locus. Unexpectedly, the Cd4 TSS-proximal DMR was methylated early in development, in both DN thymocytes and DP thymocytes, which indicated that a critical function of the silencer was to antagonize demethylation in the cytotoxic lineage. Finally, demethylation of the DMR in helper lineage thymocytes seemed to involve an active enzymatic process, probably mediated by TET-dependent oxidation of methylated cytosine residues. Thus, our results suggest that heritable silencing of Cd4 versus expression of Cd4 is directed by a DNA-demethylation switch under the control of the silencer and proximal enhancer.
Our results indicate that methylation of the Cd4 locus is necessary, but not sufficient, for stable silencing of Cd4. Indeed, DP cells expressed amounts of CD4 similar to those expressed by helper T cells, but exhibited hypermethylation of the Cd4 locus comparable to that of cytotoxic T cells. Such uncoupling of methylation of the TSS-proximal DMR from transcription indicates that methylation and demethylation of the Cd4 locus is critical for establishing heritable Cd4 expression states rather than transcriptional activity. Still, the following question remains: how do DP cells express CD4 in the face of TSS-proximal methylation? This might be due to developmental stage-specific expression of trans-acting factors. For example, expression of the transcription factor RUNX1 is downregulated at the DN4-to-DP transition 3, 24 , which might contribute to diminished S4 activity and allow CD4 expression despite hypermethylation of Cd4. Alternatively, or in conjunction with low levels of RUNX, DP cells may express as-yet-unidentified stage-specific activators of Cd4. Further, we note that a handful of CpG dinucleotides in the Cd4 locus were hypomethylated in DP cells and CD4 + cells relative to their methylation in CD8 + and DN cells; hypomethylation of these residues in DP cells might contribute to CD4 expression in DP cells, while their de novo methylation in CD8 + cells might contribute to silencing of Cd4. Finally, it is possible that cells of the CD8 + lineage express lineage-specific factors, possibly including RUNX3, that act together with 5mC modifications to impose a silenced state.
Our data suggest that stable expression of CD4 in the helper lineage depends on an E4 P -directed active DNA-demethylation process in MHC class II-selected thymocytes: first, E4 P was required for hypomethylation of the Cd4 locus in the CD4 + lineage; second, there was little to no cell division between the DP (hypermethylated) stage and CD4SP (hypomethylated) stage of development; third, we found 5hmC in MHC class II-selected CD4 + CD8 lo cells at CpG dinucleotides in the TSS-proximal DMR, which were demethylated during the DP-to-CD4SP transition, consistent with oxidation of 5mC by TET enzymes. E4 P becomes dispensable in mature cells 7 , in which a 'maturation enhancer' , putatively located adjacent to the silencer element in Cd4 intron 1 (ref. 13 , and P.D.I. and D.R.L., unpublished data), and within the TSS-proximal DMR, programs CD4 expression. Thus, it seems likely that the critical function of E4 P is to effect demethylation of TSS-proximal sites across the promoter and sequences flanking intronic regulatory elements, which then allows the maturation enhancer to direct CD4 expression. We note, however, that TET enzymes can further oxidize 5hmC to 5-formylcytosine and 5-carboxycytosine [25] [26] [27] , which are 'read' as 'unmodified' cytosine residues by bisulfite sequencing 23 . Thus, we cannot rule out the possibility that the unmethylated CpG motifs identified in differentiating cells of the helper lineage represent 5-formylcytosine or 5-carboxycytosine. Further studies are needed to determine how demethylation and/ or oxidation of cytosine residues is (are) critical for establishing heritable CD4 expression.
Central questions raised by our study are how E4 P directs demethylation in the helper lineage and how S4 maintains the minimally altered methylation pattern following the transition from the DP stage to the CD8 + lineage. While it is possible that TET enzymes are recruited to E4 P upon signaling via the TCR, we also note that the TSS-proximal DMR contained some 5hmC modifications in wild-type DP cells and that E4 P was responsible for hypomethylation of E4 P -proximal CpG motifs in DP cells. Thus, we are tempted to hypothesize that E4 P recruits TET enzymes in DP cells or in cells at earlier stages, to poise the Cd4 locus for demethylation before positive selection and lineage commitment. Could S4 then inhibit the recruitment or activity of TET enzymes in the Cd4 locus in MHC class I-selected cells? RUNX3 expression is induced in MHC class I-selected cells during the DP-to-CD8SP transition 28 , and the RUNX fusion proteins found in acute myeloid leukemia have been shown to recruit DNA methyltransferases to target genes, presumably through an indirect mechanism 29, 30 . Thus, it is possible that RUNX3 might recruit DNA methyltransferases to the Cd4 locus to ensure maintenance of methylation. Future studies should determine if and how TET enzymes are targeted to the Cd4 locus in an E4 P -dependent manner and whether DNA npg methyltransferases are recruited in an S4-and RUNX3-dependent manner during the CD4 + CD8 lo -to-CD8SP transition.
Cd4 is arguably the best-characterized locus in vertebrates for the study of heritability, but the mechanisms by which its heritable states are controlled have remained elusive for years. Our findings suggesting that the DNA-methylation machinery is critical for the establishment and maintenance of silencing and that demethylation is critical for heritable expression represent an advance in this field and offer new opportunities for delineation of the signaling pathways involved in thymocyte lineage 'choice' . Our results have also established Cd4 as a unique model with which to elucidate how DNA demethylation is effected and regulated. Further investigation of how the Cd4 locus is controlled via DNA methylation might thus provide important insights into how fully differentiated somatic cells achieve heritable states of gene expression.
METHODS
Methods and any associated references are available in the online version of the paper. 
